Abstract This study questioned the role of paraoxonase 2 (PON2) in attenuation of macrophage lipids accumulation. Mouse peritoneal macrophages (MPMs) harvested from PON2-deficient mice versus control C57BL/6 mice, look like foam cells and were larger in size and filled with lipid droplets. Macrophage triglyceride (but not cholesterol) content, biosynthesis rate, and microsomal acyl-CoA:diacylglycerol acyltransferase 1 (DGAT1) activity (not mRNA and protein) in PON2-deficient versus control MPM were all significantly increased by 4.6-, 3.6-, and 4.4-fold, respectively. Similarly, microsomal DGAT1 activity and cellular triglyceride content were significantly decreased in human PON2-transfected cells as well as upon incubation of PON2-deficient MPM with recombinant PON2. In all the above experimental systems, PON2 also decreased macrophage oxidative state. Incubation of PON2-deficient MPM with the free radicals generator 2,2′-amidinopropane hydrochloride increased cellular oxidative stress and DGAT1 activity by 2.2-and 3.4-fold, respectively, whereas incubation of microsomes from PON2-deficient MPM with superoxide dismutase decreased DGAT1 activity by 40%. We thus conclude that PON2 attenuates macrophage triglyceride accumulation and foam cell formation via inhibition of microsomal DGAT1 activity, which appears to be sensitive to oxidative state.-Rosenblat, M., R. Coleman, S. T. Reddy, and M. Aviram. Paraoxonase 2 attenuates macrophage triglyceride accumulation via inhibition of diacylglycerol acyltransferase 1. J. Lipid Res. 2009. 50: 870-879. 
esters but also substantial amount of triglycerides (6) (7) (8) .
Triglyceride-rich lipoproteins were suggested to contribute to foam cell formation through a local degradation of these lipoproteins by lipoprotein lipase and a subsequent uptake of the remnant particles into macrophages (9, 10) . Triglyceride accumulation in macrophages results in an increased oxidative stress (11) , thus further contributing to foam cell formation.
Mammalian paraoxonases (PON1, PON2, and PON3) are a unique family of calcium-dependent hydrolases (12) , with enzymatic activities toward a broad range of substrates (lactones, thiolactones, carbonates, esters, and phosphotriesters). Although the physiological substrates of PONs were not identified yet, several studies suggest that they could be lipolactones, specific oxidized phospholipids, products of enzymatic and nonenzymatic oxidation of arachidonic and docosahexaenoic acid, and N-acylhomoserine lactones. Unlike PON1, which is present in serum as HDL-associated enzyme, PON2 is not detectable in serum. Whereas PON1 is expressed mainly in the liver, PON2 is expressed in most tissues, including macrophages (13, 14) . In hypercholesterolemic patients, decreased macrophage PON2 expression was noted (15) , and PON2 expression in human carotids was shown to be decreased during the progression of atherosclerosis (16) . PON2, like PON1, was shown to protect against atherosclerosis development (17, 18) , and this could be related to PON2 ability to inhibit cell-mediated LDL oxidation, oxidized LDL (OxLDL)-induced monocytes chemotaxis, and formation of reactive oxygen species (ROS) (13, 14, 19) . Macrophage oxidative stress was shown to affect PON2 expression and activities in a biphasic U-shape pattern (14, 20) . Upregulation of macrophage PON2 was shown to occur via several mechanisms, including NADPH-oxidase activation (21) , pomegranate juice polyphenolic antioxidants (22) , unesterified cholesterol accumulation (23) , and urokinase plasminogen activator (24) .
Macrophage atherogenicity is defined by increased cellular oxidative stress as well as lipid accumulation. Macrophage PON2 was shown to reduce cellular oxidative stress (24) , but no data exist on the effect of PON2 on macrophage lipid accumulation. Thus, our goal was to analyze a possible role of PON2 (and mechanism of action) in protecting macrophages from specific lipid accumulation.
MATERIALS AND METHODS

Generation of PON2-deficient mice
The PON2-deficient mice on the C57BL/6 background were generated as previously described (18) . The mice were fed with chow diet. The weight of the PON2-deficient mice (5 months old) was increased by 23% compared with the weight of agematched control mice (38.1 6 2.3 versus 30.9 6 1.3 g, respectively, n 5 6). The weight of (5 months old) PON2-deficient mice livers was increased by 64% compared with the livers obtained from control mice (2.42 6 0.1 g versus 1.48 6 0.48 g, respectively). The PON2-deficient mice and C57BL/6 mice were obtained from the UCLA lab. The animal experimentation was performed in the Technion Faculty of Medicine. We used only male mice in our study. The research was conducted in conformity with the Public Health Service Policy on Human Care and Use of Laboratory Animals. The studies were approved by the Committee for Supervision of Animal Experiments, the Technion-Israel Institute of Technology, Haifa.
Mouse peritoneal macrophages
Mouse peritoneal macrophages (MPMs) were harvested from the peritoneal fluid of 10 control (C57BL/6) mice or from 10 PON2-deficient mice, 4 days after intraperitoneal injection into each mouse of 3 ml of aged thioglycolate (40g/l) in saline. The cells (10-20 3 10 6 /mouse) were washed and centrifuged three times with PBS at 1,000 g for 10 min and then resuspended at 10 9 /liter in DMEM containing 5% fetal calf serum, 1 3 10 5 units penicillin/liter, 100 mg streptomycin/liter, and 2 mmol/liter glutamine. The dishes were incubated in a humidified incubator (5%CO 2 , 5% air) for 2 h and washed with DMEM to remove nonadherent cells, and the analyses to measure cellular oxidative stress were immediately performed.
Histological analysis of the mice MPM
The macrophage pellets from C57BL/6 control mice or from PON2-deficient mice at the age of 5 months were fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, overnight. They were rinsed and stored in the 0.1 M cacodylate buffer with 7.5% sucrose followed by 1% osmium tetroxide in water (1 h), dehydration in graded ethanols (70, 95, and 100%), cleared in propylene oxide, and embedded in Epon resin (Eponate 12; Ted Pella, Redding, CA). The resin was polymerized overnight at 60°C. Blocks were cut on an ultramicrotome with a diamond knife, and the 1 mm thick sections were stained with 0.1 toluidine blue in 1% borax (sodium tetraborate). The sections were photographed with an Olympus C5060W digital camera on a CH30 model Olympus bright-field microscope. The lipid in these sections has a light green color (25) . Oil red O is used for staining lipids only in fresh or frozen tissues as it is a water-based dye and is not useful for permanent slides. Oil red O is not suitable for staining lipids in fixed tissue. In our case, our tissues were fixed in buffered glutaraldehyde, and subsequently the lipid was stained with osmium tetroxide during the tissue processing. The material was embedded in Epon resin and cut very thin. This technique allows far better resolution than is possible in frozen sections stained with oil red O (25) .
Transfection of MPM with human PON2
MPM from PON2-deficient mice were transfected with 2 mg/ml of plasmid DNA [human PON2 (hPON2) gene in pcDNA3.11 plasmid or with the empty pcDNA3.11 plasmid, a generous gift from Dr. Dragomir Draganov, University of Michigan, Ann Arbor, MI] in Dulbeccoʼs Modified Eagleʼs Medium containing 3 ml/ml of FuGene6 reagent (Roche). The transfection reagent was removed after 4 h, followed by the addition of DMEM medium 1 10% fetal calf serum. All the assays were performed 48 h after the transfection. The transfection efficiency was quantified by flow cytometry evaluation of enhanced green fluorescent protein expression in the cells, and it was found to be 60%. FuGene6 is a highly efficient transfection reagent that is useful for in vitro nonviral transfection of primary cells like human fibroblasts and rat skeletal muscle cell. In these studies, optimization of transfection conditions yielded efficiencies exceeding 50% (26, 27) .
Macrophage cholesterol mass
Lipids from the mice MPM (3 3 10 6 ) were extracted with hexane:isopropanol (3:2, v: v), and the hexane phase was evaporated under nitrogen. The amount of cellular cholesterol was determined using a kit (CHOL; Roche Diagnostics, Mannheim, Germany). After extraction of cellular lipids, the cells were dissolved in 0.1 M NaOH for measurement of cellular protein by the Lowry assay (28).
Separation of cellular lipids by TLC
Lipids from the mice MPM (3 3 10 6 ) were extracted with hexane:isopropanol (3:2, v: v), and the hexane phase was evaporated under nitrogen. Chloroform was added to the dried samples, followed by their loading on silica gel 60 F 254 plates, 20 3 20 cm (Merck; Darmstadt, Germany) and lipid separation using a mixture of 130 ml hexane, 30 ml ether, and 1.5 ml acetic acid. The separated lipids were visualized using iodine vapor.
MPM triglycerides mass
The triglycerides spots were scraped from the TLC plate, followed by lipid extraction with hexane:isopropanol (3:2, v: v), and the hexane phase was evaporated under nitrogen. The amount of cellular triglyceride in the dried samples was determined (after addition of 50 ml DMSO) using a triglyceride determination kit (Sigma-Aldrich; catalog number TR0100). After extraction of cellular lipids, the cells were dissolved in 0.1 M NaOH for measurement of cellular protein by the Lowry assay (28).
MPM triglyceride biosynthesis
The amount of [ 3 H]oleate incorporated into triglyceride was determined as previously described (29) . Cells were incubated for 3 h at 37°C in serum-free medium containing 6 mCi/ml [
MPM microsome separation
Microsomes were isolated from MPM of PON2-deficient or C57BL/6 mice as previously described (10) . The cells (20 3 10 6 ) were washed with cold PBS and scraped from the dishes into buffer A (50 mM Tris/HCl, pH 7.4, 250 mM sucrose, and mix protease inhibitors), followed by centrifugation for 15 min at 1,200 g and 4°C (to remove cell derbies) and centrifugation for 15 min at 9,000 g (to remove mitochondria). The supernant obtained after the second centrifugation was collected and further centrifuged at 100,000 g to obtain the microsome pellet. The pellet was suspended with buffer A, and the protein concentration was determined by the Bradford assay.
Acyl-CoA:diacylglycerol acyltransferase 1 mRNA expression by quantitative RT-PCR Total RNA was extracted with an Epicentre commercial kit (Tamar, Israel). cDNA was generated from 1 mg of total RNA using a Thermo Scientific commercial kit (Tamar, Israel). Products of the reverse transciption were subjected to quantitative PCR using TaqMan gene expression assays. Quantitative PCR was performed on the Rotor-Gene 6000 system (Corbett Life Science, Australia). To normalize the data obtained for acyl-CoA: diacylglycerol acyltransferase 1 (DGAT1) expression, the amount of GAPDH mRNA was measured by quantitative PCR as internal standard in all treatments. The primers and probes for hPON2, mouse DGAT1, and GAPDH were design by Primer Design (South Hampton, UK): DGAT1 sense primer, TGGTGGAATGCTGAGT-CTG; DGAT1 antisense primer, GGTCAAAAATACTCCTGTCCTG; DGAT1 perfect probe, CCACCCATTTGCTGCTGCCATGTCTGAggtgg; PON2 sense primer, CGACTTAAAGCCTCCAGAGAA; PON2 antisense primer, GGGAATTTTAGACCCACACTAAA; PON2 double dye TaqMan probe, TAGACCTTCCACACTGCCACCTGA.
DGAT1 protein determination by Western blot analysis
Western blot analysis was performed using SDS-PAGE and 10% Bis-acrylamide gels. Cell lysates (20 mg protein/ml) were loaded on the gel. Blocking of the gel was performed with 2% BSA for 2 h at room temperature. The primary antibody was goat polyclonal anti-human DGAT1, from Novous Biologicals [diluted 1:500 to a final concentration of 1 mg/ml, v/v, in TBS-T (5 M NaCl, 2 M Tris, pH 7.5, and Tween 20) with 0.5% BSA], and it was incubated with the nitrocellulose membrane at 4°C overnight. The secondary antibody, rabbit anti-goat horseradishperoxidase-conjugated (Sigma-Aldrich), diluted 1:10,000 in TBS-T, was incubated for 1 h at room temperature. The membranes were developed using the ECL Western blotting kit (Amersham).
Microsomal DGAT1 activity DGAT1 activity was determined using microsomes (30 mg protein/ ml), in a total volume of 200 ml using reaction buffer (175 mM Tris/HCl, pH 8.0, 8 mM MgCl 2 , and 5 mg/ml fatty-acid-free BSA) with no addition (basal microsomal triglyceride levels) or with the addition of 200 mM 1, 2-dioleoyl-glycerol and 135 mM oleoyl CoA (10) . The samples were incubated for 3 h at room temperature, followed by lipid extraction and triglyceride separation by TLC. The amount of triglyceride in the TLC spots was determined using a triglyceride determination kit (Sigma-Aldrich; catalog number TR0100). DGAT1 activity is expressed as micrograms of triglyceride synthesized/milligram protein.
Macrophage lipid peroxides content
Lipids from the mice MPM (3 3 10 6 ) were extracted with hexane:isopropanol (3:2, v: v), and the hexane phase was evaporated under nitrogen. The amount of lipid peroxides in the dried samples was measured by the method of El-Saadani et al. (30) . After extraction of cellular lipids, the cells were dissolved in 0.1 M NaOH for measurement of cellular protein by the Lowry assay (28).
Statistical analyses
Each separate experiment was performed in triplicate, and each individual experiment was replicated three times (n 5 3) to achieve statistical meaning. Statistical analyses used Studentʼs t -test for comparing differences between the two groups, and one-way ANOVA followed by the Student-Newman-Keuls test was used for comparing differences between multiple groups. Results are given as mean 6 SD.
RESULTS
Lipid accumulation in macrophages from PON2-deficient mice versus control mice
We analyzed at first the effect of PON2 on cellular lipid content using peritoneal macrophages (MPM) from PON2-deficient mice versus control (C57BL/6) mice. Histological analysis of these cells as shown in Fig. 1A , B demonstrated that MPM from PON2-deficient mice versus control mice, at the age of 5 months, were larger and filled with lipid droplets, resembling foam cells. Indeed, upon staining the cells with alkaline toluidine blue (Fig. 1C, D) , it can be seen that the PON2-deficient MPMs (Fig. 1D ) accumulate significantly more lipids than the control MPM (Fig. 1C) .
To examine which lipids accumulated in MPM from PON2-deficient mice, macrophage lipid contents were determined. Cellular total cholesterol content analysis revealed a small and nonsignificant increase, by only 12%, in PON2-deficient MPM versus control MPM (Fig. 1E) . Upon separation of the macrophage lipids extracts by TLC, we clearly observed a significant increase in the triglyceride spot obtained from PON2-deficient MPM compared with control MPM. Indeed, a direct measurement of triglycerides in the TLC spots revealed a substantial increase, by 4.6-fold, in cellular triglyceride content of PON2-deficient MPM versus control MPM (Fig. 1F) . Accumulation of triglycerides in PON2-deficient MPM was not cytotoxic to the cells, as lactate dehydrogenase release to the medium was minimal and similar to the lactate dehydrogenase content observed in medium from control MPM (13 6 4 and 14 6 3 U/mg cell protein, respectively). Accumulation of triglycerides, but not cholesterol, was also observed in aortas and in livers (the site for triglyceride biosynthesis) from PON2-deficient mice versus control mice (data not shown).
Increased triglyceride biosynthesis in macrophages from PON2-deficient versus control mice
To find out whether macrophage triglyceride accumulation in PON2-deficient MPM resulted from a possible inhibition in cellular triglyceride hydrolysis, we first incubated the cells with labeled oleic acid for 3 h, followed by cell wash, and then monitored radiolabeled triglyceride levels for a further 4 h of incubation ( Fig. 2A) . In both control MPM and PON2-deficient MPM, cellular labeled triglyceride content decreased with time in a similar pattern (Fig. 2A) . After 4 h of incubation, cellular labeled triglyceride content decreased by 56% and by 44% in PON2-deficient MPM and in control MPM, respectively, compared with levels observed at 0 time ( Fig. 2A) . Thus, there was no inhibition in macrophage triglycerides hydrolysis in PON2-deficient MPM.
Next, we questioned whether the accumulation of triglyceride in PON2-deficient MPM could have resulted from stimulation in cellular triglyceride biosynthesis rate. A time study was performed to measure the extent of triglyceride biosynthesis in PON2-deficient versus control MPM after 0.5, 1, 3, and 6 h of incubation (Fig. 2B) . Cellular triglyceride content in both cell types gradually increased with time and reached a maximal level after 3 h of incubation. Thus, this time point was used in all our further experiments. At each time point, the level of radiolabeled triglycerides was significantly increased (by up to 3.6-fold) in PON2-deficient versus control MPM (Fig. 2B) .
These results indicate that accumulation of triglycerides in PON2-deficient MPM could be related to increased triglyceride biosynthesis, but not to decreased triglyceride breakdown. To find out whether macrophage triglyceride content increases with the PON2-deficient mice age, we harvested MPM from PON2-deficient mice (as well as from control mice) at the age of 2, 5, and 9 months. Accumulation of triglycerides in MPM from PON2-deficient mice (but not in MPM from control mice) significantly increased with the mice age up to 6.7-fold (Fig. 2C) . This phenomenon could have probably been related to the increased extent of triglyceride biosynthesis by PON2-deficient versus control MPM, with the mice age. Indeed, as shown in Fig. 2D , in PON2-deficient MPM, but not in control MPM, the extent of triglyceride biosynthesis significantly increased with the mice age by up to 6-fold at the age of 9 months (Fig. 2D ).
DGAT1 expression in macrophages from PON2-deficient versus control mice
DGAT1 is an endoplasmic reticulum membraneassociated enzyme that catalyzes the final step in triglyceride biosynthesis by covalently attaching a long-chain fatty acyl-CoA to diacylglycerol (31, 32) . Whereas DGAT2 is expressed mainly in the liver, intestine, and adipose tissue, DGAT1 is expressed in all tissues, including macrophages (31) (32) (33) (34) . To examine whether the increase in the extent of macrophage triglycerides biosynthesis in PON2-deficient 
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by guest, on August 28, 2017 www.jlr.org mice is related to upregulation of DGAT1, we determined microsomal DGAT1 activity in PON2-deficient and control MPM. Upon incubation of microsomes (30 mg protein/ml) for 3 h with 200 mM 1,2-dioleoyl glycerol and 135 mM oleoyl CoA, followed by triglyceride separation (by TLC), the extent of microsomal triglyceride biosynthesis in PON2-deficient MPM was significantly higher, by 4.4-fold, compared with control MPM (Fig. 3A) . DGAT1 activity could have increased as a result of a posttranscriptional or a posttranslational change. Thus, we next determined DGAT1 mRNA levels (as expressed by DGAT1 mRNA/GAPDH mRNA ratio) by real-time PCR (Fig. 3B ) and DGAT1 protein levels (as expressed by DGAT1/b-actin ratio) by Western blot analysis (Fig. 3C) . In PON2-deficient MPM versus control MPM, similar levels of DGAT1 mRNA and DGAT1 protein were observed, suggesting that macrophage PON2 regulates DGAT1 activity and not mRNA or protein. To demonstrate that the increased DGAT1 activity in PON2-deficient MPM indeed leads to increased triglyceride accumulation in these cells, we used the DGAT1 inhibitor oleanolic acid, which is a terpenoid (35) . Direct addition of oleanolic acid (50 mM) to microsomes from PON2-deficient MPM significantly inhibited DGAT1 activity by 68% (from 2645 6 289 mg triglyceride synthesized/mg protein to 846 6 79 mg triglyceride synthesized/mg protein). In parallel, incubation of PON2-deficient MPM with oleanolic acid (50 mM) for 20 h at 37°C resulted in a significant reduction in the extent of triglyceride biosynthesis by 70% (Fig. 3D ) compared with PON2-deficient MPM preincubated with DMSO (the solvent for oleanolic acid). Similarly, in the control MPM (harvested from C57BL/6 mice), oleanolic acid (50 mM) inhibited the extent of triglyceride biosynthesis by 75% (Fig. 3D) . These results clearly indicate that, indeed, DGAT1 is responsible for triglyceride biosynthesis in PON2-deficient MPM as well as in control MPM (expressing PON2). ) from both groups were incubated for 3 h at 37°C with 6 mCi/ml [ ) from both groups were incubated for up to 6 h at 37°C with 6 mCi/ml [ 3 H]oleate bound to fatty-acid-free BSA (2%). After 0.5, 1, 3, and 6 h of incubation, the cells were washed and their lipids were extracted and separated by TLC. The radioactivity in the triglyceride spots was determined by liquid scintillation counting. C, D: MPMs were harvested from PON2-deficient mice and from control mice at the ages of 2, 5, and 9 months. C: The cellular triglyceride content was determined in the TLC spots. D: The extent of triglyceride biosynthesis after 3 h of incubation was determined as described in B. Results are given as mean 6 SD of three different experiments. *P , 0.01 versus control MPM.
Direct effect of hPON2 on microsomal DGAT1 activity in PON2-deficient MPM
To further confirm the inhibitory effect of PON2 on DGAT1 activity, we added the missing PON2 to PON2-deficient MPM by transfecting them with a vector containing the hPON2 plasmid or with an empty vector (as a control). The transfected cells expressed hPON2 (inset of Fig. 4A ). After transfection (48 h), we measured microsomal DGAT1 activity and cellular triglyceride content (Fig. 4A, B) . Upon incubation of microsomes (30 mg protein/ml) for 3 h at 25°C with 200 mM 1,2-dioleoyl glycerol and 135 mM oleoyl CoA, followed by triglyceride separation (by TLC), the extent of triglyceride biosynthesis by microsomes from PON2-deficient MPM that were transfected with hPON2 was significantly inhibited, by 55%, compared with microsomes from control PON2-deficient MPM that were transfected with an empty vector (Fig. 4A) . In parallel, cellular triglyceride content was also significantly decreased, by 53%, in hPON2-transfected MPM versus the control cells (Fig. 4B) .
In addition to the above study with PON2-transfected macrophages, we also studied the direct effect of PON2 on macrophage microsomes. Addition of recombinant PON2 at increasing concentrations (0-12 mg) to microsomes (30 mg protein) obtained from PON2-deficient mice substantially inhibited microsomal DGAT1 activity, by up to 52%, in a dose-dependent manner (Fig. 4C) . The results obtained with PON2-transfected cells, as well as the direct effect of recombinant hPON2 on macrophages, clearly demonstrate that PON2 inhibits microsomal DGAT1 activity, and as a result, it attenuates triglyceride accumulation in macrophages.
Possible mechanism for PON2-mediated inhibition of DGAT1 activity PON2 was previously shown to protect cells against oxidative stress (13, 14, 19) . Increased oxidative stress (reactive oxygen species formation and cell-mediated LDL oxidation) was demonstrated also in MPM from PON2-deficient MPM versus control MPM (24) . Triglycerides are easily oxidized under oxidative stress, leading to the formation of lipid peroxides. Thus, we have next measured the level of lipid peroxides (as a marker of oxidative stress) in the three systems used [PON2-deficient MPM versus control mice MPM, PON2-deficient MPM transfected with Fig. 3 . DGAT1 expression in peritoneal macrophages from PON2-deficient versus control C57BL/6 mice. MPMs were harvested from 5-month-old control (C57BL/6) mice and from age-matched PON2-deficient mice. A: The microsomal fraction was separated from the MPM of both mice groups. DGAT1 activity was determined in microsomes (30 mg protein/ml) as described in Materials and Methods. B: DGAT1 mRNA levels were determined by real-time PCR using GAPDH as the normalizing gene, as described in Materials and Methods. C: DGAT1 protein levels were determined by Western blot analysis using goat polyclonal antibody to DGAT1. b-Actin was used as the normalizing protein. Densitometric analysis of the bands is shown. D: MPMs from control mice or from PON2-deficient mice were incubated for 20 h at 37°C with DMSO or with 50 mM of the DGAT1 inhibitor oleanolic acid (OA; in DMSO). Then, the cells were washed and further incubated for 3 h at 37°C with 6 mCi/ml of [ hPON2, and PON2-deficient MPM incubation with recombinant hPON2 (Fig. 5)] . We also questioned whether lipid peroxides accumulate in MPM from PON2-deficient versus control mice with the mice age in parallel to macrophage triglyceride accumulation. Indeed, the cellular lipid peroxides content in MPM from PON2-deficient versus control mice significantly increased with the mice age, by up to 4.8-fold, at the age of 9 months (Fig. 5A) . Furthermore, in the hPON2-transfected MPM, a significant decrement in cellular lipid peroxides content, by 48%, was noted compared with the cells transfected with the empty plasmid (Fig. 5B) . Similarly, in microsomes from PON2-deficient mice that were incubated with recombinant hPON2, the microsomal lipid peroxide content significantly decreased in an hPON2 dose-dependent manner, by up to 49% (Fig. 5C) . These results further indicate that PON2 directly reduces the macrophage oxidative stress. To analyze the direct effect of cellular oxidative stress on DGAT1 activity, we incubated MPM from PON2-deficient mice at the age of 2 months (when they are under low oxidative stress) with either no addition, or with 2.5 mM of the free radicals generator 2,2′-amidinopropane hydrochloride (AAPH) (36) . Upon cell incubation with AAPH, the MPM oxidative stress, as measured by lipid peroxide content, significantly increased by 2.2-fold (Fig. 5D ) compared with the control, untreated cells. In parallel, microsomal DGAT1 activity was significantly higher, by 3.4-fold, in AAPH-treated MPM versus control MPM (Fig. 5E ). In the AAPH-treated cells, the cellular triglyceride content also increased significantly, by 2.5-fold (Fig. 5F ). These results clearly indicate that the increased oxidative stress in PON2-deficient MPM versus control cells leads to increased DGAT1 activity (macrophage triglyceride biosynthesis). To examine whether superoxide anions increase DGAT1 activity, we next preincubated microsomes from PON2-deficient MPM with 30 mg/ml of superoxide dismutase (SOD) for 1 h at 37°C prior to determination of microsomal DGAT1 activity. DGAT1 activity in the SOD-treated microsomes was significantly inhibited, by 40%, compared with nontreated microsomes (from 2645 6 200 mg triglyceride synthesized/mg protein to 1587 6 160 mg triglyceride synthesized/mg protein), suggesting that superoxide anions that were produced and accumulated in the macrophage microsomes, due to PON2 deficiency, increased cellular DGAT1 activity.
DISCUSSION
In this study, we demonstrated, for the first time, a novel anti-atherogenic protective role for macrophage PON2, i.e., inhibition of macrophage triglyceride biosynthesis, secondary to the inhibition of macrophage microsomal DGAT1 activity, which results in attenuation of macrophage triglyceride accumulation. This phenomenon possibly could be related to PON2-induced reduction in macrophage oxidative stress.
The above observations are based on studies using peritoneal macrophages (MPM) harvested from PON2-deficient (versus control C57BL/6 mice) as well as on studies performed in PON2-deficient MPM that were transfected with hPON2 and studies with MPM microsomes that were directly incubated with purified recombinant PON2.
This study demonstrated that peritoneal macrophages from PON2-deficient mice versus control mice accumulated Fig. 4 . The effect of hPON2 on DGAT1 activity in PON2-deficient MPM. A, B: MPMs from PON2-deficient mice at the age of 5 months were transfected with pcDNA3.11 empty plasmid or with pcDNA3.11 plasmid containing hPON2 for 4 h at 37°C. Microsomal DGAT1 activity (A) and cellular triglyceride content (B) were determined 48 h after transfection as described in Materials and Methods. C: The microsomes from 5-month-old PON2-deficient mice (30 mg protein) were preincubated at 37°C for 1 h with increasing concentrations (0-12mg) of recombinant hPON2, followed by microsomal DGAT1 activity determination as described in Materials and Methods. Results are given as mean 6 SD of three different experiments. *P , 0.01 versus PON2-deficient MPMs transfected with empty plasmid. # P , 0.01 versus 0 concentration. The inset of A shows hPON2 and GAPDH cDNA bands. 1, PON2-deficient MPM transfected with the empty plasmid; 2, PON2-deficient MPM transfected with hPON2.
substantial amount of triglycerides but not cholesterol. This phenomenon could be related to a significant increase in the extent of cellular triglyceride biosynthesis (via DGAT1 stimulation) but not to a decreased triglyceride breakdown rate. DGAT1, which is expressed in most tissues, including macrophages (31) (32) (33) (34) , is the rate-limiting enzyme in triglyceride biosynthesis. It catalyzes the last step in the de novo triglycerides synthetic pathway, producing triglyceride from diacylglycerol and fatty acyl-CoA (31, 32) . In PON2-deficient MPM versus control MPM, microsomal DGAT1 activity was significantly higher, and this could have accounted for the observed increase in triglyceride biosynthesis in these cells and for the formation of triglycerideloaded macrophages. Indeed, the DGAT1 inhibitor oleanolic acid (35) significantly decreased microsomal DGAT1 activity and, in parallel, inhibited the extent of triglyceride biosynthesis in PON2-deficient MPM. Previous studies indicated that DGAT1 is predominantly regulated posttranscriptionally (37) (38) (39) (40) . Our results clearly suggest that in PON2-deficient macrophages, although DGAT1 mRNA and protein levels were similar to those observed in control MPM, DGAT1 is activated. The increased macrophage DGAT1 activity is indeed related to PON2, as in PON2-deficient MPM that were transfected with hPON2, as well ) lipid extract of 2-, 3.5-, 5-, and 9-month-old PON2-deficient and control (C57BL/6) mice as described in Materials and Methods. B: MPMs from PON2-deficient mice at the age of 5 months were transfected with pcDNA3.11 empty plasmid or with pcDNA3.11 plasmid containing hPON2 for 4 h at 37°C. The cellular lipid peroxides content was determined 48 h after transfection. C: The microsomes from 5-month-old PON2-deficient mice (30 mg protein) were incubated at 37°C for 3 h with increasing concentrations (0-12 mg) of recombinant hPON2, followed by lipid extraction and lipid peroxide determination. D-F: MPMs from PON2-deficient mice at the age of 2 months were incubated overnight with no addition or in the presence of 2.5 mM of the free radical generator AAPH. D: Cells were then washed and the cellular lipid peroxide content was measured in the cellsʼ lipid extract. E: The microsomal fraction was separated from untreated PON2-deficient MPM and from AAPH-treated cells. Microsomal DGAT1 activity was determined as described in Materials and Methods. F: Cellular triglyceride content was measured in the cellsʼ lipid extract. Results are given as mean 6 SD of three different experiments. *P , 0.01 versus control MPM; #P , 0.01 versus PON2-deficient MPM transfected with empty plasmid;^P , 0.01 versus 0 concentration, **P , 0.01 versus PON2-deficient MPM.
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Previous in vitro studies using cells overexpressing PON2, or cells in which PON2 was knocked down by small interfering RNA, demonstrated that PON2 protects cells from oxidative stress by inhibiting the formation of reactive oxygen/nitrogen species (ROS/RNS) (13, 19) . Similarly, increased oxidative stress was noted in MPM from PON2-deficient versus control mice (18, 24) . In this study, oxidative stress in PON2-deficient MPM was observed by the increment in lipid peroxides. These lipid peroxides could have resulted from triglyceride peroxidation under oxidative stress. Endoplasmic reticulum resident proteins are known to be most sensitive to oxidative stress (41) (42) (43) , but no data are available yet on the effect of oxidative stress on DGAT1 activity. We have now clearly demonstrated that in PON2-deficient MPMs that were treated with the free radical generator AAPH, the cellular oxidative stress increased, followed by an increment in DGAT1 activity. Furthermore, reduction in oxidative stress in PON2-deficient MPM, following transfection with hPON2, or by incubating MPM microsomes with recombinant PON2 lead to the inhibition of DGAT1 activity and to a reduction in cellular triglyceride content. DGAT1 activity was inhibited by SOD, indicating the involvement of ROS in regulation of its activity. ROS that accumulate in PON2-deficient cells can increase DGAT1 activity without affecting RNA and protein expression, in a similar manner to ROS-induced activation of HMG-CoA reductase (44) . Oxidative stress burden on DGAT1 by ROS could modify the substrate access to the catalytic site of the enzyme, or it can also induce structural modification of the catalytic site, thus impairing its physiological regulation by phosphorylation/dephosphorylation processes (44, 45) .
The increased oxidative stress and the enhanced triglyceride accumulation in PON2-deficient MPM versus control MPM could be relevant also to arterial macrophages. Indeed, in the mice aorta, we observed increased levels of lipid peroxides and triglycerides, but not cholesterol (data not shown). All the above phenomena could account for the enhanced atherosclerosis development in PON2-deficient mice observed under atherogenic diet (18) .
In conclusion, this study shows that PON2 protects macrophages from cellular triglyceride accumulation and foam cell formation by regulating DGAT1 activity, which appears to be sensitive to the oxidative state. The above phenomena could lead to PON2-mediated attenuation of atherosclerosis development.
